In breast cancer, increased expression of the cytoskeletal adaptor protein Kindlin-1 has been linked to increased risks of lung metastasis, but the functional basis is unknown. Here we show that in a mouse model of polyomavirus middle T antigeninduced mammary tumorigenesis, loss of Kindlin-1 reduced early pulmonary arrest and later development of lung metastasis. This phenotype relied on the ability of Kindlin-1 to bind and activate  integrin heterodimers. Kindlin-1 loss reduced 4
INTRODUCTION
Metastasis is the spread of cancer cells from a primary tumor to distant sites within the body to establish secondary tumors or metastases. Although this is a highly inefficient process, the consequences are devastating as metastatic disease accounts for more than 90% of cancer-related mortality. Recent work in breast cancer identified FERMT1 in a six-gene signature that can classify breast tumors with a higher propensity to metastasize to the lungs, independent of the molecular subtype [1, 2] . Subsequent analysis showed that FERMT1 expression was associated specifically with lung metastasis-free survival in breast cancer [3] . FERMT1 encodes Kindlin-1, which is a four-point-one, ezrin, radixin, moesin (FERM) domaincontaining protein that is localized at focal adhesion sites, where it interacts with the -subunit of integrins and regulates their activity [4] . It was first identified as a gene whose loss or mutation is linked to Kindler syndrome (KS), which is an autosomal recessive disease that leads to skin abnormalities including blistering, atrophy, photosensitivity and poikiloderma [5] . Some of these phenotypes have been attributed to defects in 1 integrin activation in keratinocytes from KS patients [6] , and in addition, deletion of Fermt1 in the mouse skin leads to skin defects that recapitulate some aspects of KS that have been linked to a disruption of integrin activation [7] .
However, other studies have shown that Kindlin-1 has additional integrin-independent cellular roles [7] [8] [9] .
The molecular mechanisms whereby Kindlin-1 specifically regulates metastasis to the lung in breast tumors are largely unknown. Initial studies have shown that Kindlin-1 regulates TGF-induced epithelial-to-mesenchymal transition (EMT) in breast cancer cell lines, which has been attributed to an increased invasive capacity [3] . To investigate further the role of Kindlin-1 in metastasis and understand how it Research.
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Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 may impact on the different steps of the metastasis cascade, we have used the polyomavirus middle T (PyV MT)-driven mouse model of mammary tumorigenesis that metastasizes to the lungs. In this model, specific deletion of Kindlin-1 in the mammary epithelium significantly delayed tumor onset and reduced lung metastasis.
We show that Kindlin-1 expression is essential for lung metastasis and enhances the metastatic potential of breast cancer cells by specifically modulating integrin activity and promoting tumor cell adhesion at the metastatic niche while also regulating the secretion of a number of metastasis-associated proteins.
MATERIALS AND METHODS

Animals.
Kin-1 fl/fl mice were generated by Taconic Biosciences. MMTV-Cre [10] , MMTV-PyV MT [11] and MMTV-NIC [12] mice were from W.J. Muller (McGill University, Montreal, Quebec, Canada), and ROSA26-tdRFP [13] mice were from O.J. Sansom (Cancer Research UK Beatson Institute, Glasgow, UK). All transgenic mice were derived from the inbred FVB/N strain. Mice were monitored weekly for tumor formation by palpation (tumor onset was defined as presence of a palpable tumor). Animals were sacrificed once their tumor burden had reached the maximum size, as determined by UK Home Office regulations. Tumors and tissues were removed and fixed in 10% buffered formalin at sacrifice and subsequently paraffin embedded. All animal experiments were approved by the University of Edinburgh Animal Welfare and Ethical Review Body (approval PL01-16) and the UK Home from frozen. Two 19-base-pair oligos (TGTCTGGGGACCTACATAT (A) and TTTTCGGCTGTGGTGTTTA (B)) corresponding to homologous regions near the start methionine of Kindlin-1 and adjacent to protospacer adjacent motif (NGG) sites were selected as guide RNAs (gRNAs) using the Blue Heron gRNA target design tool (https://wwws.blueheronbio.com/external/tools/gRNASrc.jsp). Fragments A and B were cloned into a gRNA expression vector (plasmid #41824; Adgene/Church Lab), and together with a Cas9 expression vector (plasmid #41815; Adgene/Church Lab), were transfected (Lipofectamine 2000; Thermo Fisher Scientific) into Met-1 cells.
Experimental metastasis assay. Tumors were digested in 2 mg/ml collagenase D and 100 unit/ml hyaluronidase (Worthington) in serum-free DMEM for 1 hour. Single cell suspensions were injected into the tail vein of recipient mice (4 mice per tumor and 5 tumors per genotype). Eight weeks after injection, animals were sacrificed, lungs collected, weighed and fixed in 10% buffered formalin for subsequent H&E staining. Further quantification was carried out using q-PCR with primers against the PyV MT transgene, as described previously [15] . For treatment with VCAM-1 blocking antibody, mice were injected with 7 mg/kg anti-VCAM-1 antibody (clone M/K-2.7; Bio X Cell) [16] or its corresponding IgG1 isotype control (clone HRPN; Bio X Cell) 4 hours prior to injecting cells. For treatment with 4 integrin blocking antibody, cells were incubated with 1.5 mg/ml anti-4-integrin antibody (clone PS/2; Bio X Cell) or isotype control 30 minutes prior to injection. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472.CAN-17-1518 eBioscience) secondary antibody was used for 9EG7 staining. Samples were processed on a FACSAria (BD Biosciences) and data analyzed using FlowJo software (TreeStar).
Western blotting. Cell lysates were resolved by gel electrophoresis, transferred to nitrocellulose, and probed with anti-Kindlin-1 (1:3000; Abcam), anti-His-tag (D3I1O, 1:1000; Cell Signaling Technology) or anti-actin (1:5000; Cell Signaling Technology) antibodies, followed by goat anti-mouse or goat anti-rabbit IRDye 680-or 800labeled secondary antibodies (LI-COR Biosciences). Membranes were imaged using an Odyssey infrared scanner (LI-COR Biosciences).
Immunohistochemistry. Formalin-fixed tissue samples were incubated with anti-RFP (1:100; Rockland Immunochemicals) or anti-Ki67 (1:800; Vector Laboratories) antibodies, followed by HRP-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories). Slides were counterstained with Mayer's hematoxylin.
Cell attachment assay. Fibronectin (10 μg/ml, Corning) or VCAM-1 (10 μg/ml, R&D Systems) coated wells were blocked with 10 mg/ml heat-denatured BSA for 30 minutes. For adhesion to fibronectin, cells were allowed to attach for 10 minutes at 37°C. Adherent cells were fixed with 5% glutaraldehyde and stained with 0.1% crystal violet solution. The dye was solubilized in 10% acetic acid, and absorbance measured at 570 nm. For adhesion to VCAM-1, cells were incubated with Hoechst 33342 (5 μg/ml; Thermo Fisher Scientific) for 10 minutes before plating on VCAM-1-coated wells for 30 minutes at 37°C. Adherent cells were imaged and analyzed using an ImageXpress high-content analysis system (Molecular Devices). For antibody blocking experiments, cells were incubated with anti-4 integrin antibody Research.
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Tumor cell-endothelial cell binding assay. 3B-11 mouse endothelial cells (ATCC) were plated in 24-well plates and incubated for 48 hours to obtain a uniform monolayer. Cells were mycoplasma tested every month and were used within two months of recovery from frozen. Cells were purchased from ATCC and no further authentication was carried out. Tumor cells were labeled with Hoechst 33342 (5 μg/ml) for 10 minutes at 37°C before adhesion to the endothelial cell monolayer for 10 minutes at 37°C. Wells were washed twice with PBS and images acquired on an ImageXpress high-content analysis system. For antibody blocking experiments, cells were treated with either anti-4 integrin antibody (clone PS/2, 10 μg/ml) or anti-VCAM-1 antibody (clone M/K-2.7, 10 μg/ml) for 1 hour before attachment to the endothelial cells.
Secretome isolation and preparation. Conditioned medium was collected in serumfree, phenol-red-free DMEM for 48 hours, clarified of cellular debris by centrifugation, filtered through a 0.22-µm filter and concentrated at 4°C using a 9k MWCO Pierce protein concentrator (Thermo Fisher Scientific). Proteins were precipitated using trichloroacetic acid/acetone and resolubilized in 8 M urea, 100 mM ammonium bicarbonate, 10 mM dithiothreitol for 30 minutes at 37°C. Proteins were alkylated using 25 mM iodoacetamide for 30 minutes at room temperature in the dark, after which excess iodoacetamide was quenched using 5 mM dithiothreitol, and then urea concentration was diluted to 2 M using 100 mM ammonium bicarbonate.
Samples were incubated with PNGase F for 2 hours at 37°C, then 1:100 (w:w, enzyme:protein) Lys-C for 2 hours at 37°C, then 1:50 trypsin for 16 hours at 37°C, Research.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472.CAN-17-1518 then 1:100 trypsin for 2 hours at 37°C. Resultant peptides were acidified to a final concentration of 0.5% trifluoroacetic acid, and 10 µg were desalted using C18
StageTips.
Label-free mass spectrometry (MS) and bioinformatic analyses. breast tumors from 17 Affymetrix datasets was performed as described previously [18] . FERMT1 status was determined by 'present' detection calls using the MAS5 algorithm [19] . Cox proportional hazards survival analysis was performed for all possible points-of-separation (low-high cut-points) for each gene [20] .
RESULTS
Loss of Kindlin-1 delays mammary tumor onset but not growth of established tumors
Research.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 To evaluate whether loss of Kindlin-1 altered mammary tumor development, we generated mice in which exons 4 and 5 of the Fermt1 gene were flanked with LoxP1 recombination sites. Excision of the Fermt1 gene in the mammary epithelium was achieved by crossing with mice in which Cre recombinase was expressed in the mammary epithelium under transcriptional control of the mouse mammary tumor virus (MMTV-Cre) [10] to generate MMTV-Cre/Kin-1 fl/fl mice. Recombination of the Fermt1 allele in the mammary epithelium was confirmed at the DNA level ( Supplementary Fig. S1A ), which was accompanied by reduced protein expression in the isolated mammary epithelial cells ( Supplementary Fig. S1B and C). Kindlin-1 was localized within the ducts, where it co-localized with 1 integrin, and this expression was reduced in the MMTV-Cre/Kin-1 fl/fl mice ( Supplementary Fig. S1D ). Complete loss of Kindlin-1 expression in the mammary epithelium was not seen, which most likely reflects the stochastic nature of the MMTV-Cre expression [21] . This was confirmed by crossing the MMTV-Cre mice with mice carrying a Cre-responsive ROSA26-tdRFP reporter (ROSA-tdRFP) [13] . Staining of mammary glands from the resulting offspring showed expression of the Cre transgene in around 60% of the mammary ducts ( Supplementary Fig. S1E ). The percentage of recombination was not significantly altered in the MMTV-Cre/Kin-1 fl/fl mice, indicating that there was no preferential retention or selective advantage for the Kindlin-1-positive cells in the developing mammary gland. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
MMTV-
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 delayed tumor onset, with a median onset of 70 days in the MT-Kin-1 fl/fl animals and 32.5 days in the MT-Kin-1 wt/wt animals ( Fig. 1A ). Analysis of fat pads from 28-dayold mice showed that 57% of the fat pad was covered by focal lesions in MT-Kin-1 wt/wt mice, with only 13% of the area covered in MT-Kin-1 fl/fl mice ( Fig. 1B and C) .
Whole mount analysis of mammary glands from 4-, 6-, and 12-week-old female virgin Kin-1 fl/fl and Kin-1 wt/wt mice showed that there was no effect of Kindlin-1 loss on normal mammary gland development, with no significant difference in the ductal network area between the groups at each time point (4 weeks, P = 0.232; 6 weeks, P = 0.459; 12 weeks, P = 0.431) ( Supplementary Fig. S1F ). H&E staining did not reveal any difference in duct morphology ( Supplementary Fig. S1G ).
To confirm the effects on tumor onset, we utilized the MMTV-NIC (Neu-IRES-Cre) model of mammary tumor development [12] , which employs a bicistronic Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
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Kindlin-1 loss reduces pulmonary metastasis
To assess the importance of Kindlin-1 loss in metastatic spread, we analyzed lungs from both MT-Kin-1 wt/wt and MT-Kin-1 fl/fl mice. There was a reduction in the number of mice with metastatic lesions in the MT-Kin-1 fl/fl mice ( Fig. 2A and B ). Supplementary Fig. S2E ). There was a significant reduction in metastatic burden when Kindlin-1-depleted cells were injected, as measured by lung weight (Fig. 2D ) and area covered by metastatic lesions (Fig. 2E ). Further analysis showed that the number of metastatic lesions was reduced following injection of the Kindlin-1-depleted cells, although this did not reach statistical significance (Fig. 2F ).
The metastases that did form were significantly smaller than those seen upon injection of the Kindlin-1-expressing cells ( Fig. 2G ) and this was accompanied by a small but non-significant reduction in Ki67 staining (Fig. 2H ). Thus, Kindlin-1 can influence metastatic colonization: the small changes seen in some of the outputs may reflect the variability in Kindlin-1 depletion in the primary tumor cells that were injected ( Supplementary Fig. S2E ) and therefore further studies to determine the role of Kindlin-1 were carried out in the Met-1 cell line in which the Fermt1 gene was deleted as detailed below.
Kindlin-1 regulates integrin activity in mammary tumors
As Kindlin-1 is a known regulator of integrin activation, we asked whether loss of Kindlin-1 affects integrin activation in the mammary tumors. Integrin activation state was assessed by flow cytometry using the 9EG7 antibody, which recognizes an active-specific epitope on 1 integrin [22] . Tumors from MT-Kin-1 wt/wt mice exhibited significantly higher levels of active cell-surface 1 integrin compared to tumors from MT-Kin-1 fl/fl mice, with no difference in total cell-surface 1 integrin expression ( Fig. 3A and B and Supplementary Fig. S2F ).
To investigate further the role of Kindlin-1 and integrin activation in pulmonary metastasis, we used the Met-1 cell line, which is derived from an MMTV-PyV MT mammary tumor [14] . Using the CRISPR-Cas9 system with two different guide RNAs (gRNA-A and -B), the Fermt1 gene was deleted in the Met-1 cells. Single-cell clones were isolated from the two different gRNA transfections in which Kindlin-1 deletion was targeted. The loss of Kindlin-1 was confirmed at both the transcript and the protein level ( Supplementary Fig. S3A and B ). To assess whether the effects of Kindlin-1 loss on metastasis were dependent on its ability to regulate integrin activity, we re-introduced either wild-type Kindlin-1 (WT) or a Kindlin-1 mutant that is unable to bind and activate  integrin tails (AA) [23, 24] into the Kindlin-1 knock-out (Null) cells to levels similar to the endogenous Kindlin-1 found in the parental Met-1 cells ( Supplementary Fig. S3C ). Ectopic expression of wild-type Kindlin-1 and Kindlin-1-AA into the null clones derived from both gRNA-A and gRNA-B was carried out in a number of different clones (Fig. 3C , gRNA-A clone A1 (A1), and Supplementary Fig.   S3D ). In WT cells (null cells in which wild-type Kindlin-1 has been ectopically expressed), the presence of Kindlin-1 was associated with higher 1 integrin activity compared to Null cells ( Fig. 3D and Supplementary Fig. S4A-C Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472.CAN- (null cells in which the Kindlin-1 AA mutant has been ectopically expressed) exhibited levels of 1 integrin activity similar to those of Null cells, confirming the importance of Kindlin-1 in regulating integrin activation in the PyV MT-derived mammary tumor cells. Consistent with the reduced 1 integrin activation, attachment to fibronectin was significantly reduced in the Null cells, and this was not restored in the AA cells ( Fig. 3E and Supplementary Fig. S4D ).
Kindlin-1-dependent integrin activation is required for the early stages of lung colonization
To address whether Kindlin-1 regulation of integrin activation was required for metastatic colonization in the lungs, we injected Null, WT and AA cells into the tail vein of mice and analyzed metastatic burden after 21 days. Animals receiving WT cells had significantly higher levels of metastasis compared to animals receiving Null cells. Re-expression of Kindlin-1-AA did not restore the metastatic capacity of the Null cells ( Fig. 3F and Supplementary Fig. S4E ).
As we had seen a reduced number of metastatic lesions in the lungs following injection of disseminated tumor cells from the MT-Kin-1 fl/fl mice (Fig. 2F) , we asked whether Kindlin-1 plays a role in very early metastatic colonization. Cells were injected into the tail vein, and the lungs removed 30 minutes post-injection, a time when adhesion of tumor cells in the lung has been shown to be important for subsequent metastatic outgrowth [25, 26] . There was a significant reduction in tumor cell accumulation in the lungs of animals injected with Null cells compared to WT cells, and this was not restored upon injection of the AA cells ( Fig. 3G and Supplementary Fig. S4F ). These data indicate that Kindlin-1 enables pulmonary colonization at early stages of metastasis, which is dependent on integrin activation.
Kindlin-1 loss inhibits tumor cell attachment to endothelial cells
At very early stages of lung colonization, tumor cell attachment to endothelial cells and their subsequent transendothelial migration occurs [24] . Tumor cells are known to bind to vascular cell adhesion molecule-1 (VCAM-1) expressed on endothelial cells via 41 integrin [27] . Loss of Kindlin-1 reduced adhesion of the Met-1 cells to recombinant VCAM-1 compared to Kindlin-1-expressing cells, and this was not rescued by expression of Kindlin-1-AA ( Fig. 4A and Supplementary Fig. S5A and B) .
Treatment with an anti-4 integrin blocking antibody reduced adhesion of the WT cells to VCAM-1 to levels comparable with the Null and AA cells, while having no effect on the adhesion of the Null and AA cell lines ( Fig. 4A and Supplementary Fig.   S5A and B) , confirming a 4 integrin-dependent mechanism. Loss of Kindlin-1 also reduced adhesion to endothelial cells, which was not restored to levels seen in WT cells by expression of the integrin-binding AA mutant ( Fig. 4B and Supplementary   Fig. S5C and D) . Treatment with the anti-4 integrin blocking antibody significantly reduced endothelial cell adhesion of the WT cells to levels seen in the Null and AA cells, while there was no effect on adhesion of the Null and AA cells (Fig. 4B ). To determine whether adhesion of the Met-1 cells to the endothelial cells was mediated via VCAM-1, we used an anti-VCAM-1 blocking antibody, which reduced adhesion of the WT cells to the endothelial cells ( Fig. 4C and Supplementary Fig. S5C and D) .
The tumor cells expressed very low levels of VCAM-1 compared to the endothelial cells ( Supplementary Fig. S5E and F) , and taken together with the inability of the anti-VCAM-1 blocking antibody to reduce the adhesion of the Null and AA cells, in which integrin activation is impaired ( Fig. 4C and Supplementary Fig. S5C and D) , supports a mechanism by which adhesion of the tumor cells to endothelial cells is Finally, treatment with either an anti-VCAM-1 or 4-integrin blocking antibody prior to tumor cell injection reduced lung colonization of the WT cells, confirming the regulation of early pulmonary colonization by integrin-dependent adhesion ( Fig. 4D and E). To determine whether the reduced adhesion of the Null cells could promote increased cell death leading to reduced colonization, we carried out an anoikis experiment. Loss of adhesion resulted in a 20% reduction in cell viability, but there was no difference in cell death between the WT, Null and AA cells ( Supplementary   Fig. S5G ). This supports a mechanism whereby Kindlin-1 regulates the mechanical adhesion and trapping of cells within the lung vasculature required for lung colonization.
Proteomic analysis identifies Kindlin-1-dependent expression of metastasis regulators
Owing to the significant defect in early tumor cell arrest in the Null cells within the lung, it was not possible to address the additional impact of Kindlin-1 on the outgrowth of the disseminated cells that we had observed following injection of the disseminated MT-Kin-1 fl/fl tumor cells ( Fig. 2F-H) . Therefore, to address whether Kindlin-1 may have additional roles in the metastatic cascade, we undertook labelfree quantitative MS analysis of secreted factors using the WT and Null Met-1 cells, as tumor-secreted proteins are known to play an important role in regulating metastatic spread [28] . The proteomic dataset was significantly enriched for extracellular proteins (Fig. 5A) ; 944 extracellular proteins were quantified in at least two of the three biological replicate experiments. Protein quantification was highly Research.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 reproducible between biological replicate experiments (r ≥ 0.94; P < 0.0001), with cell-type-specific profiles of extracellular protein levels determined by hierarchical clustering and principal component analyses ( Fig. 5B and Supplementary Fig. S6A ), indicating that Kindlin-1 expression affects the composition of the Met-1 secretome.
Expression of more than two-thirds of the proteins in the Kindlin-1-dependent secretome (67.5%) has been reported to correlate with metastasis in other studies, including both metastasis suppressors and promoters ( Fig. 5B and Supplementary   Table S1 ). Consistent with the reported association of Kindlin-1 with EMT in breast cancer cell lines [3] , the Kindlin-1-dependent secretome was also significantly enriched for proteins associated with EMT ( Supplementary Fig. S6B ). In addition to anticipated extracellular matrix and adhesion molecule binding functions, serine protease inhibitor activity was significantly overrepresented in the Kindlin-1dependent secretome (Fig. 5C ). Tenascin-C was the most enriched (88-fold) secreted protein following re-expression of Kindlin-1 in the Null cells ( Fig. 5D ). Tenascin-C is a large glycoprotein that binds a number of membrane receptors and extracellular matrix proteins, and its expression is associated with poor metastasis-free and overall survival in breast cancer patients [29] . The second secreted protein most substantially enriched in a Kindlin-1-dependent manner (21-fold) was plasminogen activator inhibitor 1 (PAI-1; encoded by Serpine1). PAI-1 is a serine protease inhibitor with roles in integrin-mediated cell migration, extracellular matrix degradation and blood clotting (Fig. 5D ), and its expression correlates with disease-free survival and overall survival in human breast cancer [30, 31] Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 revealed tenascin-C and PAI-1 linked to highly interconnected protein neighbors in the network, suggesting that they may connect or participate in subnetworks of extracellular proteins that may be functionally related ( Fig. 5E, Supplementary Fig. Table S1 ). Analysis of the inferred neighbors of tenascin-C and PAI-1 in the Kindlin-1-dependent secretome network revealed that the majority (88.6%) have been linked to metastasis and several are extracellular integrin ligands Analysis of Tnc and Serpine1 by q-RT-PCR in the Met-1 cell lines showed that the decreased secretion of tenascin-C following Kindlin-1 loss (Fig. 5D and F) was mirrored by a loss of Tnc transcript, while Serpine1 transcript levels were unaltered ( Fig. 6A ). Furthermore, expression of the Kindlin-1 AA mutant that is unable to bind and activate  integrin tails also resulted in a loss of Tnc transcript, indicating that Tnc expression is dependent on Kindlin-1-mediated integrin activity. As tenascin-C is required for the outgrowth of pulmonary micrometastases [32] , we asked whether the outgrowth of micrometastases was also dependent on integrin activity. We generated an A1 WT cell line that expresses 1 integrin shRNA under the conditional control of doxycycline ( Supplementary Fig. S6F ) and carried out an experimental metastasis assay. Following tail vein injection of the cells, they were allowed to reside in the lungs for 7 days before treatment with doxycycline to suppress 1 integrin expression.
S6C-E and Supplementary
The metastatic burden was analyzed after a further 14 days and showed a significant reduction in the doxycycline-treated animals ( Supplementary Fig. S6G demonstrating that 1 integrin is required for the outgrowth of the disseminated tumor cells.
The Kindlin-1-dependent secretome is associated with lung metastasis TNC expression in pulmonary metastatic lesions has previously been shown to be associated with poor overall survival of patients with breast cancer [32] . Analysis of the lung metastasis signature generated in the human MDA-MB-231 breast cancer model [33] showed a strong correlation between FERMT1 and the lung metastatic capacity of MDA-MB-231 variants, as seen with TNC ( Fig. 6B and C) . In contrast, there was no positive correlation between SERPINE1 and lung metastatic capacity ( Fig. 6B and C) . Similarly, analysis of TNC, FERMT1 and SERPINE1 across a compendium of 2999 primary human breast tumors confirmed a positive correlation between high FERMT1 expression and TNC, but not SERPINE1 (Fig. 6D) . Gene set enrichment analysis demonstrated that mRNA levels of the 89 Kindlin-1-dependent secretome genes represented in a published cohort of 82 primary breast cancer tumors (MSK82, GSE2603) [34] were associated with lung metastasis (P = 0.007). To comprehensively assess the prognostic value of the Kindlin-1-dependent secretome, we used an exhaustive survival analysis approach [20] , stratifying the cohort at all possible cut-points for each secretome gene, which enabled us to quantify the association of the genes with lung or other (non-lung) metastasis. Cox proportional hazards survival analysis of each of the genes demonstrated that more of them had a greater proportion of cut-points associated with lung metastasis than non-lung metastasis (P = 4  10 5 ) (Fig. 6E) . The significantly increased association of the secretome genes with lung metastasis was confirmed in a larger breast cancer cohort (GSE12276; n = 204, P = 2  10 9 ), although association in an overall better Research.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 prognosis, lymph-node-negative patient dataset did not reach statistical significance (GSE2034; n = 286, P = 0.23) ( Supplementary Fig. S6H ). These data suggest that the Kindlin-1-dependent secretome genes are more associated with worse outcomes in terms of lung metastasis as compared to non-lung metastasis.
DISCUSSION
Here, we provide the first direct evidence that loss of Kindlin-1 results in reduced metastatic spread using a mouse mammary tumor model. Our proteomic analysis of the Kindlin-1-dependent secretome, demonstrating significant alterations in the secretion of a number of metastasis-associated proteins, further supports a key role for Kindlin-1 in defining the metastatic potential of tumor cells. It is becoming increasingly evident that tumor cell-secreted factors can impact on the metastatic niche, thereby providing a more permissive environment for tumor cell colonization.
For example, tenascin-C promotes metastatic colonization of breast cancer cells within the lung by supporting the viability of disseminated cells through activation of Notch and Wnt signaling pathways [32] . Given the correlation between FERMT1 and TNC in breast cancer tissues, it will be important to establish how Kindlin-1 regulates TNC expression and the secretion of tenascin-C and whether this impacts on the metastatic niche. Clinical data have highlighted increased expression of Kindlin-1 associated with pulmonary metastatic spread [3] , and analysis of breast cancer gene expression datasets demonstrated significantly greater associations of genes representing the Kindlin-1-dependent secretome with lung than non-lung sites of metastasis. Further studies on whether Kindlin-1 preferentially promotes pulmonary metastases and how this is linked to the Kindlin-1-dependent secretome are required.
In addition to regulation of metastasis-associated secreted proteins, we have Research.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 identified a role for Kindlin-1 in the very early stages of mammary tumor cell arrest in the lung vasculature. Significant effects on lung colonization upon loss of Kindlin-1 were seen as early as 30 minutes after injection of the tumor cells into the circulation.
At this time, cells have arrested in the lung, but no extensive extravasation is seen [15] . In addition, recruitment of other host cells, such as macrophages and platelets, which are known to promote metastatic colonization, does not occur at this early stage of tumor cell arrest [15, 34, 35] . However, early 31 integrin-mediated tumor cell attachment to laminin-5 at exposed areas of the basement membrane in the lung vasculature has been reported [26] . Taken together with our data showing that the reduced metastatic dissemination of Kindlin-1-deficient cells is dependent on integrin binding and activation, this is consistent with early pulmonary arrest being an integrin-dependent event and not just due to size restriction of the tumor cells in the vascular bed. Specifically, we have identified a role for Kindlin-1 in regulating the 4 integrin-dependent adhesion of tumor cells to endothelial cells via VCAM-1.
Metastatic potential correlates with expression of 4 integrin (also known as in various cell lines [36, 37] , and 41 integrin has been shown to be important for attachment of tumor cells to endothelial VCAM-1 [27, 38] , transendothelial migration in vitro [39, 40] and metastasis in experimental metastasis models [38, 41, 42] . Thus, Kindlin-1 may facilitate metastasis by promoting 41 integrin-mediated adhesion of tumor cells to endothelial cells at the early stages of disseminated tumor cell arrest in the metastatic niche. Interestingly, in a previous study, use of an anti-VCAM-1 blocking antibody showed that VCAM-1 was important for the TNF-mediated enhancement of lung colonization, but had no effect on basal tumor cell colonization, suggesting that VCAM-1 was only important in the later stages associated with endothelial cell activation and myeloid cell recruitment [41] . However, we have also Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited.
Author Manuscript Published OnlineFirst on January 12, 2018; DOI: 10.1158/0008-5472. CAN-17-1518 identified a role for VCAM-1 in the early stages of tumor cell arrest in the pulmonary vasculature, and this may reflect the distinct repertoire of integrins expressed in different tumor cells that are able to bind to VCAM-1.
Several studies have shown that metastatic spread is regulated by 1 integrin [43] [44] [45] [46] . In some studies, effects at later stages of lung colonization have been observed whereby loss of integrin activation in tumor cells is associated with reduced adhesiondependent signaling to pathways such as Src and focal adhesion kinase [44, 45] and re-organization of the actin cytoskeleton, which is required for the subsequent survival and outgrowth of tumor cells in the metastatic niche [47, 48] . Taken together with our direct demonstration that 1 integrin is required for the outgrowth of disseminated tumor cells, it will be important to establish whether Kindlin-1 loss also impacts on these later aspects of lung colonization following extravasation of the tumor cells. This could be mediated via regulation of integrin signaling and adhesion to extracellular matrix components such as fibronectin, which is impaired in the Kindlin-1-depleted cells. Moreover, the finding that Kindlin-1 can regulate the secretion of a number of key metastasis-associated proteins indicates that Kindlin-1 may have wider functions in controlling the metastatic potential of tumor cells.
Further mechanistic studies are required to determine the significance of the Kindlin-1 dependent secretome on metastatic spread and whether they are dependent on the ability of Kindlin-1 to regulate integrin activity.
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